I. INTRODUCTION
The advancement of all the areas in science and technology depends on performance of the measuring processes that are necessary while investigating the corresponding natural phenomena.
Therefore, in most applications, a sensor should have a reduced size and mass and be capable of measuring parameters without failure in a wide range of hostile environments and situations. In addition, it must be immune to electromagnetic interferences, have a high sensitivity and an acceptable resolution, as well as a low acquisition cost and maintenance.
It is difficult to find a device like those, but the optical fiber sensors have a large set of such characteristics, making them appropriate for a series of applications. The use of such sensors in the industrial, military, chemical, petrochemical, telecom, medical and aerospace sectors illustrates the diversity of measurands that can be detected with them, while their flexibility and adaptability to several fields of technology can be considered as additional characteristics [1] - [4] .
One can mention other distinguished characteristics of those sensors, namely, low transmission losses (considering the distance between the point of measurement and the interrogation system, which can reach several kilometers); multiplexing capability; electrical passivity; measurand results coded into wavelength or intensity, and the possibility of using the same fiber as the sensor element and the communication channel.
Many projects involving the concept of smart structures would preferably use fiber optic sensors. In smart structures they can be found inside the beams of bridges, and also in applications to monitor the convergence of tunnels, the structure of dams, heritage structures and pipelines, among others [5] - [8] .
[ Since the sensor can be appropriately inserted in the structures, the information at the local point of measurement could be directly obtained in a quasi-distributed configuration, avoiding the influence of external disturbances as it is the case when the sensor is installed on the surface of the structure or at a point where the measurand would be indirectly obtained.
For this application, fiber Bragg gratings (FBG) form a class of sensors that is being widely used.
The description of its embedded use in smart structures can be found in the scientific literature [9] - [13] , to name a few. [9] , [10] , [11] , [12] , [13] .
Fiber Bragg gratins are periodic structures imprinted usually in the core of an optical fiber that cause the refractive index to have a periodic modulation along its length. A beam of light guided in the core of the fiber will then be gradually diffracted by each of the periods of the modulation and the wavelengths that satisfy the Bragg condition will constructively add in the counter-propagating direction. This phenomenon will produce a signal reflected by the FBG that has an optical spectrum with a band centered at approximately the wavelength that satisfied the condition [14] .
These structures can be represented by a set of transversal consecutive planes having the same disturbed refractive index in the core. From the characteristics of those planes, like their magnitude, period and envelope of the refractive index along the FBG, one is able to tune the coupling of the propagating mode to another counter propagating mode at a certain wavelength. In this case, the Bragg wavelength is represented by:
where B  is the Bragg wavelength, or resonance wavelength, eff  is the effective refractive index of the incident mode in the FBG and  is the period of the modulation along the FBG.
Any effect that induces changes on the properties of the optical fiber with the FBG, like mechanical or thermal changes, may cause changes in the period or in the refractive index and this will shift the resonance wavelength. The changes in the FBG geometry and in the refractive index may force variations in the phase, intensity and polarization of the propagating signal. This dependence allows the FBG to be used as sensors that measure such disturbances.
In order to determine the sensitivity to those disturbances, equation (1) can produce the differential that represents the behavior of the Bragg wavelength with disturbances in temperature (T) and length
deformation of the sensor (l). The change in the resonance wavelength is then given by equation (2) after developing the differential of equation (1):
where l is the length of the FBG and T is the temperature. ( ¶L / ¶T) is related to the thermal expansion sensitivity of the sensor and ( ¶L / ¶L), to the length change in the FBG period caused by a length change.
In (2), a change in Δλ B is caused by mechanical and thermal disturbances in the sensor, either changing the refractive index or the period of the FBG. Therefore, the monitoring of the spectrum of the FBG reflected signal would allow the determination of this shift. Since the sensor is sensitive to both types of perturbations, one cannot distinguish if the wavelength shift was caused by a mechanical change or a thermal one. Kersey in [15] states that is unfortunate that, even having this immense breadth of potential application, the sensors do also tend to exhibit serious cross-sensitivity issues.
This can be illustrated by the number of researchers that have written papers on the elimination of temperature dependence of a strain gauge, or a pressure sensor, or likewise, the effects of polarization on the sensitivity of such sensors. These practical limitations of fiber sensors -indeed, while interesting to be experimentally and theoretically explored, often result in fiber sensors providing weak competitive advantages over conventional sensor systems, thus limiting their value. This issue is, of course, key to the sustainable success of a fiber optic sensor in any true commercial application.
A few techniques have been used to overcome such inconvenient cross-sensitivity [16] - [18] .
In this work, an encapsulation process is described such as to be used with an FBG for the simultaneous measurement of temperature and strain. It is based on the work described Mokhtar et al.
[10] and is theoretically based on the idea that a change in temperature and strain in the sensor causes a shift of the resonance wavelength through the effects of mechanical and thermal expansion, and the thermo-optic and elasto-optic effect on the refractive index.
II. SIMULTANEOUS MEASUREMENT OF TEMPERATURE AND STRAIN
One of the drawbacks using FBGs to measure temperature and strain is the cross-sensitivity that does not allow one to distinguish the measurands while determining the Bragg wavelength shift.
The change in Bragg wavelength can be written in a more compact form as a function of strain and temperature changes by: When a second FBG subject to the same strain and temperature, one can determine the Bragg wavelength change of each sensor from the matrix form of equation (3) For the fabrication of the sensors, a steel mold is used (SAE1020). The mold is designed to have a shape with different heights in the two cavities of the PP piece that will embed the sensors. When the sensor is completed, the part is pressed downwards with a system having small rods of steel which should push the sensor to the outside. In addition, the mold has round corners to facilitate the removal of the sensor, and a fissure such as to accommodate the optical fiber during the fabrication process.
In Figure 1 , the designed mold is depicted for the fabrication of the packaging. The lower side of the packaging has a height of 2.50 mm and a length of 40.00 mm, while the other side has a height of 5.20 mm and a length of 30.00 mm. Both FBGs are located in a central region in each of the cavities with those specified heights, as depicted in the schematic diagram in Fig. 2 , where those dimensions are indicated. For the fabrication of the sensor, the PP spheres with a diameter of approximately 2.00mm must be finely ground. This initial process guarantees that most of the spaces in the mold will be filled such as to avoid the occurrence of air bubbles inside it and a non-uniform surface on the packaging, since in this case it would modify the sensor response. The mold is preheated to a temperature of 200ºC for a period of 50 minutes. The optical fiber is then positioned and the mold is filled with the ground PP.
The set is treated in an oven at a temperature of 170ºC for another 20 minutes until the melting of all the material. After additional 20 minutes, the mold is cooled with step reductions of 20ºC in the temperature down to the temperature of the environment. This process is important to allow the accommodation of the PP material and to avoid the formation of bubbles near the surface of the sensor. The device is then removed from the mold with the help of the rods of steel. During the fabrication process, the spectrum of the reflected signal is monitored. The FBGs have initial Bragg wavelengths at 1542.00 nm and 1536.00 nm while at a temperature of 21ºC. It is shown that the resonance wavelengths shift to 1538.00 nm and 1528.00 nm, respectively. This behavior is caused by the contraction of the sensor after the thermal treatment. The Bragg wavelength behavior also demonstrates that the FBG responds to changes while inside the packaging and also that there has been an adhesion of the fiber polymer coating to the polypropylene material. After removing the sensor from the mold, the surface is finished and the resulting device is depicted in Fig. 3 . Figure 3 The fabricated sensor after the finishing process.
For the determination of the temperature and strain sensitivities, the resonance wavelengths were measured in experiments to separately evaluate the sensitivities. The sensor behavior was measured in a PolyScience® calibration bath with a resolution 0.1ºC and the temperature varied from 20ºC to 70ºC in cycles repeated five times. The strain characterization was performed in a mechanical test machine with the sensor placed on a tensile strain test specimen. During the application of tension, the elongation of a strain-gage on the specimen was recorded against the applied force. This process was repeated five times. During the experiments, the FBGs were interrogated by a SI101 system with a wavelength resolution of 1pm. The FBG interrogation system was produced by the HBM® company.
IV. RESULTS AND DISCUSSIONS
The temperature calibration curves are shown in Fig. 4(a) and the strain curves are depicted in Fig.   4(b) . The averaged points from the five calibrations are shown in the corresponding curves in those figures.
The experimental results present a linear response for the temperature and strain range, therefore the linear characteristic for the FBGs are maintained and is not altered by the packaging. 
V. CONCLUSION
A packaging technique for FBG sensors has been reported, which was used to embed two FBG sensors in a polymer material. This encapsulation proved to be robust and capable of allowing the simultaneous measurement of strain and temperature through FBGs wavelength shifts measurements.
The main contribution of this work resides in the development of a fabrication process of a packaging to embed the FBG sensors without the use of any type of adhesives. This represents an advantage under the point of view of precision characteristics of the sensor and it also allows the maintenance of the linear response of the FBG while measuring temperature or strain. In addition, to improve the accuracy of the measured values for strain and temperature is necessary to increase the difference between effective strain and temperature coefficients of the two sensors and this would be possible by using the proposed packaging design.
